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Introduction
Electrostatic fiber formation, or electrospinning, offers a particularly simple and robust method to create polymeric nanofibers of various morphologies and sizes, inexpensively and in large quantities.
In electrospinning, a viscoelastic fluid is charged so that a liquid jet is ejected from the surface of the fluid (typically supplied by a needle or spinneret) and accelerated by an electric field towards a collector, typically a grounded plate, thus creating a nonwoven fiber mat or membrane [1] . Modification of the fiber diameter, porosity, surface area and mechanical properties of the mat by adjusting the processing and solution parameters can be used to tailor electrospun nanofiber mats for various applications. Because of these unique properties and relative ease of fabrication, electrospun fibers and their mats have attracted a significant amount of attention in recent years for a broad range of applications [2, 3] including (but not limited to): drug release agents [4] , optical sensors [5] , and ionexchange membranes [6, 7] . In each of these applications the mechanical response and tribology of the nanofiber mat is likely to be critical to the performance and/or success of the device in service.
Electrospun nanofibers have been reported to exhibit some remarkable increases in elastic stiffness and yield stress for fibers below a critical diameter, whose value varies from material to material [8, 9] . The origin of these increases in fiber mechanical properties remains a topic of some debate. Regardless of the diameter-dependent changes in fiber properties, the as-spun mats tend to exhibit consistently low yield stresses (typically 0.5-3 MPa), Young's moduli (typically 20-60 MPa) and toughnesses (typically 0.5-2 MJ/m 3 ) [10, 11] ; as-spun untreated nanofiber mats also exhibit low mechanical resilience (<50%) even at small strains of less than 0.02 mm/mm [12] . Occasionally this is an advantage for applications such as tissue engineering where a soft, porous matrix is desirable;
however, for many applications of nonwoven mats, modest improvements in the stiffness or mechanical integrity without significant losses in the porosity would be highly desirable to ensure durable and robust performance. Although many experimental studies have been conducted on the mechanical properties of conventional nonwoven fabrics, there are a limited number of reports that account adequately for the observed mechanical properties of mats comprising electrospun nanofibers. In recent years several research groups have demonstrated significant improvements to the Young's modulus and yield stress of electrospun polymeric fiber mats by various forms of post-spinning techniques such as thermal annealing [13] , mechanical drawing [14] , hot pressing [15] , and solvent vapor treatment [16] .
Subjecting a semi-crystalline polymer fiber to heat treatment at a temperature above the crystallization temperature (T c ) of that fiber, but below the equilibrium melting temperature (T m ) of the polymer, can cause the melting of small, imperfect crystals, and the formation of larger, more perfect crystals within the fibers, thus creating a stiffer and tougher matrix [17, 18] . With some amorphous polymer nonwovens, annealing has been shown to allow air or gas pockets within the fibers to diffuse out, creating stronger more uniform fibers [19] . In addition, if the heat-treatment of the amorphous polymer nanofiber mats is conducted above the material's glass transition temperature (T g ), deformation and welding between fibers can be observed that would also contribute to changes in mechanical properties due to the increase in the number of junctions, analogous to an increase in the cross-link density of an elastomer.
Various post-spin treatments can improve the mechanical strength and expand the utility of nonwoven nanofiber mats; however, the resistance of electrospun mats to wear remains a significant issue. In order to improve the robustness of nanofiber mats, both mechanical strengthening and tribological tailoring is required to keep the membrane intact. Investigation of the tribological properties of textiles and fabrics is not unprecedented; Derler et al. measured the friction coefficient and hardness of conventional textiles in contact with human skin equivalents [20] , and Gerhardt et al. measured the frictional properties and contact pressure of skin-fabric interactions, for example [21] . The textile industry has used various abrasive and wear testing techniques (such as the Taber abraser) to evaluate the durability of fabrics. Such quantitative testing would be invaluable to the development and commercialization of nanofiber mats. Despite the need for improving the wear resistance of nanofiber mats, to our knowledge there has still not been any published investigation of their tribological properties or methods for improvement. Quantitative evaluation of the wear resistance of the nanofiber mats is critical for a better understanding of the trends and underlying mechanism of wear occurring in the nanofiber mats. This work seeks to quantify the tribology of nanofiber mats, and to demonstrate the improvement of mechanical integrity and wear resistance of electrospun mats by post-spinning thermal treatments, to generate robust membranes.
Experimental

Materials
Poly(trimethyl hexamethylene diamine terephthalamide) (PA 6(3)T) was purchased from Scientific Polymer Products, Inc. It is an aromatic, amorphous polyamide with a high glass transition temperature (T g =425 K) and outstanding mechanical properties. The substituent methyl groups in PA 6(3)T suppress crystallization, yielding an amorphous material at all temperatures that is more soluble in organic solvents and easier to process than semi-crystalline polyamides. As solvent, N,N-dimethyl formamide (DMF) was purchased from Sigma-Aldrich and used as received for creating for creating polymeric solutions. The tensile modulus and yield stress of electrospun PA 6(3)T fibers and mats have been examined in some detail and reported previously [9, 22] .
Electrospinning of Nanofiber Mats
Nanofiber mats were fabricated by electrospinning from organic polymer solutions using a parallel plate geometry as shown in Figure 1 . 
Morphological Characterization of Nanofiber Mats
A JEOL JSM-6060 scanning electron microscope (SEM) was used to determine the diameter and morphology of the fibers. A thin layer of gold (~10 nm) was sputter-coated onto SEM samples prior to imaging. Fiber diameter was determined by taking 100 diameter measurements of the fibers from a set of SEM micrographs at 10,000X magnification using ImageJ, from which the mean value and standard deviation of the mean were calculated. Porosity of the fiber mats was determined gravimetrically by cutting out rectangular sections and measuring the mass and dimensions of the mat specimen and converting to porosity. Sample thickness was measured with a Mitutoyo digital micrometer with a constant measuring force of 0.5 N. Lateral sample dimensions were determined using a digital caliper.
The volume and mass of the specimen were then converted to a porosity using the bulk density of PA 6(3)T (1.12 g/cm 3 ) and the following equations [23, 24] ,
where ρ app is the apparent density, m mat is the mass of mat, h mat is the thickness of mat, A mat is the area of mat, φ is the mat porosity (%) and ρ bulk is the bulk density.
Post-electrospinning Treatment of Electrospun Mats
Heat treatment of the electrospun mats was carried out in a Thermolyne lab oven by draping the mat over a 100 mm diameter pyrex dish and placing it in the oven for 2 hours at a specified temperature.
Contact of the mat with the rim of the pyrex dish was sufficient to prevent the mats from contracting and/or tearing during heat treatment and suspended the sample so that it did not contact or stick to any surfaces. After heat treatment, samples were removed from the oven and allowed to cool before carefully cutting the mat off of the pyrex dish.
Mechanical Testing
Uniaxial tensile testing of electrospun fiber mats was measured with a Zwick Roell Z2.5 tensile testing machine using a 2.5 kN load cell. Rectangular specimens were cut to 100 mm × 12.5 mm and extended at a constant crosshead speed of 0.50 mm/s with a 50 mm gauge length. Five specimens were tested for each temperature of thermal treatment to determine the mean value; error bars on all plots represent one standard deviation of the mean. The thickness of each specimen was determined from the average of three measurements taken along the gauge length with a Mitutoyo digital micrometer with a constant measuring force of 0.5 N. The force-displacement data as taken from the Zwick was converted to engineering stress-engineering strain results. Engineering stress is defined as the ratio of force to the initial cross-sectional area, and engineering strain is defined as the ratio of the change in length to the original gauge length.
Tribological Testing
The woven and nonwoven fabrics as well as delicate textiles. Samples were analyzed for abrasive wear by visual inspection and mass loss using an Ohaus E11140 analytical balance. By measuring the mass loss of the nanofiber mats after a specified number of cycles (or sliding distance), the effective wear rates of the membranes were determined. With the exception of the as-spun sample, the data for mass loss vs.
number of cycles for each sample was fitted to a second order polynomial forced through the origin, using the method of least squares. An effective wear rate for each sample was then calculated by taking the value of the tangent to the second order polynomial at 100 cycles. The as-spun sample deteriorated too quickly to measure the mass loss reliably beyond the first 50 cycles; therefore, the slope of a linear fit through the first three data points was used in calculating the effective wear rate for the untreated nanofiber mat.
Results and Discussion
Morphology/Porosity of Heat-Treated Mats
Electrospun fibers of PA 6(3)T with diameters ranging from 150 nm up to 3.6 µm and their tensile properties have been reported previously by our group [22] . This order of magnitude variation in fiber diameters was achieved by varying solvent composition and polymer concentration as well as processing parameters. Uniform PA 6(3)T fibers having a mean diameter of 463±64 nm were fabricated from a 22wt% solution of DMF for use in all of the tests described here. Each nonwoven fiber mat was produced using 1.0 mL of polymer solution to generate a mat of roughly 100 µm thickness and 15 cm in diameter. The mats were then heat-treated at various temperatures close to the T g of PA 6(3)T (~153 °C as determined by differential scanning calorimetry), which we believe serves to increase the number of weld points between fibers as well as remove any residual solvent and air pockets from the interior of the fibers. Figure 2 shows SEM micrographs of PA 6(3)T fibers after 2 hours of heat-treatment at various temperatures spanning a range from below to above T g . There are no discernable weld points between fibers on the untreated SEM; however at 150 °C thermal treatment, several weld points become visible, with even more weld points at 160 °C. The 170 °C heat-treated nanofiber mat exhibited extensive fusion between fibers, leading to considerable loss of the original fiber morphology and porosity, creating a webbing effect between fibers.
The SEM micrographs show the decrease in pore size between fibers as the temperature of heattreatment increases, as well as what appears to be a decrease in the overall porosity of the mats. Before the mats were subjected to the heat-treatment, they were typically 100±10 µm in thickness, and it was observed that for the highest annealing temperature (170 °C), the mats can contract to as thin as 60 µm. 
Mechanical Properties of Heat-Treated Mats
Uniaxial, constant strain-rate tensile testing was employed to observe the effect of varying degrees of heat-treatment on the mechanical response of nanofiber mats. Representative plots of the tensile behavior of heat-treated electrospun mats is shown in Figure 4 ; note the increase in modulus and yield stress with increasing temperature of heat-treatment and the transition from somewhat ductile-like failure for materials annealed below 150°C, due to the propagation of tears in the fabric, to brittle fracture for those annealed at or above 150 °C. °C), indicating a possible transition from a ductile fracture response to more brittle behavior; then there is a steady increase in the strain-to-break with increasing heat-treatment, indicating a toughening of the fiber mat that prevents a critical crack from propagating through the sample. The sample annealed at 170 °C breaks very early (<10% strain) and exhibits very little strain after yield, indicating that the material has become very brittle, behaving like a porous film containing large voids that act as stress concentrators to initiate crack formation. The toughness of the heat-treated PA 6(3)T nanofiber mats
shows that the as-spun mat and mats annealed at temperatures up to 140°C exhibit low toughness due primarily to their low modulus and yield stress, while the 170 °C HT membrane also has a low toughness due to its small breaking strain. The toughest mats are the ones that have been annealed at a temperature close to the T g of PA 6(3)T, where there is a significant increase to both the yield stress and the strain-to-break; these mats exhibit a 5-10 fold increase in toughness over the untreated mats.
The changes observed in the mechanical properties of the electrospun mats cannot be explained solely based on changes in mat porosity; for example, a 3.5-fold increase in solidity (=1-porosity) from the untreated sample to that treated at 170°C is accompanied by a change in modulus of over 10-fold.
Pai et al [9] previously showed that the distance and curvature of fibers between points of contact ("junctions") with other fibers are also important. The increase in Young's modulus for the heat-treated mats is consistent with thermal welding of the fibers at their junctions, in addition to the reduction in porosity. Using the nonwoven fabric model for curved fibers reported by Pai et al [9] and the values reported there for the fiber modulus and radius of curvature of PA 6(3)T fabrics comprising 407 nm fibers (c.f. Table 2 of Ref 9), we calculate distances between junctions that decrease from about 17.5 µm for the as-spun mats to 14.1 µm for the mats heat-treated at 160°C. This corresponds to an increase in junction density, and is at least qualitatively consistent with the images shown in Figure 2 . The mechanical resilience of a mat is often of paramount importance for many applications such as filtration, fiber scaffolding, or sensors where the membrane would be subjected to repeated small strain deformations that could result in catastrophic failure if the membrane were not resilient enough to recover. Single load-unload strain cycle tensile testing was performed to determine the resilience of the nanofiber mats and what effect thermal treatment has on the mechanical hysteresis. Representative mechanical hysteresis tensile loops for up to 4% engineering strain are shown in Figure 7 . The area between the extension curve and recovery curve is a measure of the total energy dissipated over the 4% strain cycle, which when normalized by the toughness yields a measure of the hysteresis of the material.
The hysteresis of the heat-treated PA 6(3)T nanofiber mats at single cycle strains of 0.02, 0.04, and 0.10 mm/mm are plotted in Figure 8 . A sharp decrease in hysteretic losses of the nanofiber mats is observed with samples annealed close to the T g , especially at low strains. This indicates that thermal annealing can improve elastic recovery from low strain deformation. Nanofiber mats treated above the T g began to exhibit an increase in the mechanical hysteresis, indicating that there is some trade-off between the Figure 6 . Plot of the strain-to-break and tensile energy-to-break vs. temperature of heat-treatment for PA 6(3)T nanofiber mats.
morphological changes that occur during thermal treatment and the resilience of the nanofiber mats. The hysteresis behavior at large strain (10%) is not as drastically affected by the thermal annealing as the low-strain behavior, but modest improvements are still observed with heat-treated fiber mats at 140-150 °C (near the T g of PA 6(3)T). Figure 7 . Representative 4% strain mechanical hysteresis tensile loops for PA 6(3)T fiber mats with varying temperatures of heat-treatment (2 hours each at 130-170 °C).
Tribology of Electrospun Mats
Electrospun fiber mats are typically fragile and susceptible to wear and delamination even under conditions of gentle handling. This is a concern for the post-spin processing as well as the end-use of such mats and could be a critical limitation to their service lifetime. To quantify this behavior, the coefficient of friction was measured using a standardized testing material (Calibrade ® H-38 abrasive wheel) for each of the nanofiber mats, as-spun and after each of the prescribed temperatures of heat treatment. For comparison, the coefficient of friction (µ) was measured for the film of PA 6(3)T cast from solution as well. A plot of the friction force vs. the normal force for each temperature of thermal treatment is shown in Figure 9 ; from this plot, the friction coefficient can be determined by taking the ratio of the average measured friction force to the applied normal force. A plot of the coefficient of friction vs. the normal force is shown in Figure 10 ; note that there is a modest decrease in the coefficient of friction with increasing normal force at low loads, but that above 1 N (~100 g applied load), the The Taber abraser was used to provide uniform, low levels of abrasive wear in order to accurately measure quantitative changes in the tribological response of thermally treated nanofiber mats.
All of the mats had a mean-value roughness (R a ) on the order of 1.0-2.3 µm, and the cast film had a R a of ~0.15 µm. 100 g applied load was used for the first set of testing because it was the lowest load where the mean friction coefficient for each sample had stabilized to an approximately constant value. Visual inspection of the nonwoven membranes after 10, 50, and 100 abrasion cycles qualitatively indicated significant differences in the wear mechanisms between the samples annealed at the various temperatures, as shown in Figure 11 . The untreated PA 6(3)T sample exhibits an observable amount of wear and distortion after as few as 10 abrasion cycles, and significant levels of deformation and wear after 50 cycles; the sample is completely destroyed (>50% of sample mass removed from the wear path) before reaching 100 cycles. The 150 °C heat-treated sample is significantly more robust, and exhibits only minor wear and abrasive tears at 10-50 cycles, before enduring more significant tearing and delamination after 100 cycles. The 170 °C heat-treated PA 6(3)T samples were even more robust,
showing almost no signs of wear at all until 50 abrasion cycles, then exhibiting some moderate levels of tearing after 100 cycles. The cast PA 6(3)T film exhibited almost negligible wear under the same conditions even up to 100 abrasion cycles. Figure 11 . Optical images of abrasive wear path for nanofiber mats at 0, 10, 50, and 100 wear cycles under 100 g applied load (top row: as-spun; second row: 150 °C heat-treated; third row: 170 °C heattreated, bottom row: cast film), scale bar is 10 mm. Note that the PA 6(3)T cast film is transparent and attached to a brown Kapton ® polyimide film for support. The white marks seen in these images are indicative of a light haze that forms within the film during solvent evaporation. These are not surface defects, as confirmed by profilometry.
indicate how much the surface of the material is changing over time when subjected to abrasive wear. A plot of the friction coefficient vs. number of cycles with a 100 g load is plotted in Figure 12 The wear results for the samples under 100 g applied load were adequate for the mats that were annealed above 140 °C; however, since the untreated and 130 °C heat-treated nanofiber mats were completely destroyed by 100 abrasion cycles, a lighter applied load of 25 g was used to evaluate the less wear-resistant nonwoven mats. The plot of the abrasive mass loss vs. number of cycles for the 25 g applied load is shown in Figure 14 . Similar trends for the progression of wear for each sample are seen for the 25 g load as was seen with 100 g applied load, though the effective wear rate for each sample is less. A summary of all the tribological data is compiled in Table 1 . Note that for both the 25 g and 100 g applied load, there is nearly an order of magnitude improvement to the effective wear rate of the 150 °C heat-treated nanofiber mat as compared to the as-spun untreated PA 6(3)T mat; however this wear rate is still about an order of magnitude higher than the effective wear rate of the PA 6(3)T cast film. The increased effective wear rate observed for the untreated nanofiber mat and samples treated below 150 °C could have a strong correlation with the previously observed increase in the friction coefficient of the mats with number of abrasion cycles (from the plot in Figure 12 ). There appear to be large morphological changes in the surface of the nanofiber mats (especially the untreated, 130 °C, and 140 °C heat treated samples) with increasing number of wear cycles as indicated by the sharp increase in the friction coefficient after 10, 50, and 100 cycles. As more mass is removed per cycle with these samples, there could be a significant amount of fiber distortion and debris accumulation that would consequently roughen the surface and increase the coefficient of friction. It was observed when conducting the wear tests that some fibrous debris would transfer from the sample to the abrading wheel during testing (this was removed between each sample run), and some of the fibers and debris would most likely be re-deposited into the pore spaces within the nanofiber mat. Observable residual fibrous debris on the abrading wheel was most prominent for the untreated nanofiber mats as well as the 130 °C and 140 °C thermally treated samples, which were also the samples with the largest increases in friction coefficient.
Determining the mechanism of friction and wear of polymeric nanofiber mats could prove to be vital to the ability to tailor the tribological properties of nonwovens. The mechanism of wear can be due to physicochemical interactions, asperity interactions, or macroscopic deformation [25] . All of the nanofiber mat samples used in this work consist of identical chemical composition, similar fibrous morphology, and comparable surface roughness; therefore, the mechanism of abrasive wear for these nanofiber mats is most likely due to macroscopic deformation caused by exceeding the yield stress of the mats. Relationships between the mechanical properties and wear properties of materials have been investigated before, and some strong correlations have been drawn for polymeric materials based on microscopic and macroscopic wear models [26] In the abrasive wear of polymers, deformation of a surface is generally a function of the indentation hardness, the relative motion opposed by the frictional force, and disruption of material at the contact points involving an amount of work equal to the area under the stress-strain curve. These three processes occur sequentially, and therefore, the total wear should be proportional to a product of the hardness, the frictional force, and the work (energy) of material removal. One of the most commonly used correlations based on this mechanism is the RatnerLancaster correlation [27] , which predicts the wear rate, W as:
where C is a constant, µ is the coefficient of friction, L is the applied load, H is the hardness, σ b is the breaking stress of the material, and ε b is the breaking strain. This relationship includes a term for the indentation hardness of a material; however, for most polymers the dominant parameters have been determined to be σ b & ε b [28, 29] . For nanofiber mats, we suggest that the breaking stress and breaking strain of individual fibers is reflected in the yield stress and strain of the nonwoven mats; therefore, we propose a modified version of the Ratner-Lancaster relationship in which the yield stress, σ y , and yield strain, ε y , of the mat replace the breaking stress and strain of the fibers. The wear rate is furthermore put on a mass basis by the bulk density of PA 6(3)T, ρ, to get: Figure 15 compares the effective wear rates of the treated nanofiber mats to the modified RatnerLancaster wear rate relationship from equation 4 and confirms that there is a strong correlation between the wear rate and the quantity (σ y ε y ) -1 for both the 25 g and 100 g applied loads. The effective wear rate for the PA 6(3)T nanofiber mats is seen to increase logarithmically with (ρµL)/(σ y ε y ) for over an order of magnitude in these quantities. These results show that the mechanical and tribological properties of nanofiber mats are inter-related and are well-described by conventional abrasive wear correlations modified to reflect the yield behavior of fibrous mats.
Conclusions
The tribological and mechanical response of thermally treated electrospun nanofiber mats were investigated in this work. The Young's moduli and yield stresses of the nonwoven mats were found to improve dramatically with an increase in the temperature of heat-treatment at or above the glass °C heat-treatment, respectively, without suffering a significant loss of porosity; the modulus could be increased further to >400 MPa after 170 °C heat-treatment, but at a substantial loss to the mat porosity (88% to 63%). The annealed nanofiber mats also exhibited less mechanical hysteresis under low-strain deformations than the as-spun mat, indicating that the heat-treated mats can recover more readily and have significantly improved fatigue resistance. In addition to gains in mechanical integrity, there was also an improvement in the wear resistance of the nanofiber mats with thermal treatment. Annealing at 150°C results in an order of magnitude decrease in the effective wear rate relative to that of the as-spun mats, from 2.14 x 10 -5 g/cm to 2.19 x 10 -6 g/cm at 100 g applied load, while the porosity decreases only modestly, from 88% to 82%. The effective wear rate of nanofiber mats was well-described by a modified Ratner-Lancaster relationship for wear rate of polymeric materials, W~(ρµL)/(σ y ε y ),
suggesting that the mechanism of wear is primarily due to the breakage of fibers that is also responsible for yield in these nonwoven mats. Post-spin treatments such as thermal annealing close to the relevant thermal transition temperature (e.g. the glass transition) serve to weld the fibers to form additional fiber junctions, significantly improving the mechanical and tribological properties of the electrospun mats and greatly improving their utility and service lifetime.
